Streptococcus suis, an emerging zoonotic pathogen, is responsible for various diseases in swine and humans. Most S. suis strains from clinical cases possess a group of capsular polysaccharide synthesis (cps) genes and phenotypically express capsular polysaccharides (CPs). Although CPs are considered to be an important virulence factor, our previous study showed that many S. suis isolates from porcine endocarditis lost their CPs, and some of these unencapsulated isolates had large insertions or deletions in the cps gene clusters. We further investigated 25 endocarditis isolates with no obvious genetic alterations to elucidate the unencapsulation mechanisms and found that a single-nucleotide substitution and frameshift mutation in two glycosyltransferase genes (cps2E and cps2F) were the main causes of the capsule loss. Moreover, mutations in the genes involved in side-chain formation (cps2J and cps2N), polymerase (cps2I), and flippase (cps2O) appeared to be lethal; however, these lethal effects were relieved by mutations in the cps2EF region. As unencapsulation and even the death of individual cells have recently been suggested to be beneficial to the pathogenesis of infections, the results of the present study provide a further insight into understanding the biological significance of cps mutations during the course of S. suis infections.
Introduction
Streptococcus suis is an important pathogen that causes various diseases in pigs including meningitis, septicemia, and endocarditis (Staats et al., 1997; Gottschalk et al., 2007) . It also causes serious infections in humans via close contact with infected pigs or their products (Wertheim et al., 2009) . Most S. suis strains possess a capsular polysaccharide (CP), and, on the basis of its antigenicity, encapsulated strains have been classified into different serotypes (Higgins & Gottschalk, 2006) . Although several serotypes have been commonly isolated from infections, serotype 2 was found to be the most prevalent among isolates from diseased pigs and humans (Gottschalk et al., 2007) . CPs of serotype 2 were shown to consist of glucose, galactose, N-acetylglucosamine, rhamnose, and sialic acid (Fig. 1) , and its biosynthesis required a group of CP synthesis (cps) genes clustered on a single locus of the chromosome (cps gene cluster) (Elliott & Tai, 1978; Smith et al., 1999b Smith et al., , 2000 Van Calsteren et al., 2010; Okura et al., 2013) . Among the genes in the cluster, cps2J serves as a molecular marker for serotypes 2 and 1/2; therefore, cps2J-positive strains are suspected of having a serotype 2 or 1/2 capsule (Smith et al., 1999a) .
The CP of S. suis is an important virulence factor and inhibits phagocytosis by macrophages and neutrophils (Segura et al., 2004; Benga et al., 2008; Houde et al., 2012) . Because isogenic unencapsulated mutants showed a low degree of virulence in pig and mouse models (Charland et al., 1998; Smith et al., 1999b; Feng et al., 2012) , CP was believed to be essential for the virulence of S. suis. However, our previous study (Lakkitjaroen et al., 2011) showed that 34% of cps2J-positive S. suis isolates from porcine endocarditis lost their capsules and that capsule loss increased the ability of S. suis to adhere to porcine and human platelets, a major virulence determinant for infective endocarditis; therefore, the loss of the capsule was suggested to be beneficial to S. suis in the course of infective endocarditis (Lakkitjaroen et al., 2011) .
Because S. suis in porcine endocarditis is considered to be significant for public health (Onishi et al., 2012) , a better understanding of the pathogenicity of the causative strains, particularly an understanding of their unencapsulation mechanisms, is important to control porcine endocarditis and reduce the risk of S. suis infection in people working in pork industries. In our previous study, we found large insertions or deletions in the cps gene clusters of some unencapsulated endocarditis isolates; however, no obvious structural alteration was detected in more than half of the isolates analyzed by PCR (Lakkitjaroen et al., 2011) . Therefore, to further explain the mechanisms of unencapsulation, we conducted a series of experiments in the present study using endocarditis isolates with no obvious genetic alterations in cps gene clusters.
Materials and methods

Bacterial isolates/strains and growth conditions
The bacterial isolates/strains used in this study are listed in Table 1 . Twenty-five S. suis isolates from endocarditis showed no obvious cps gene alterations in our previous study (Lakkitjaroen et al., 2011) . Streptococcus suis strains were grown overnight in Todd-Hewitt broth (THB; Becton Dickinson, MD) or agar (THA) at 37°C in air plus 5% CO 2 , unless otherwise indicated. Escherichia coli strains were cultured in Luria-Bertani (Becton Dickinson) broth or agar at 37°C. When required, spectinomycin was added to the medium for E. coli at 50 lg mL À1 and for S. suis at 100 lg mL
À1
. If necessary, X-Gal was added to the plates at 100 lg mL
.
Plasmids, primers, and DNA techniques
The plasmids used in this study are listed in Table 1 . The genomic DNA of S. suis was extracted as described previously (Mogollon et al., 1990) . The plasmid DNA of E. coli was purified using the Illustra TM plasmid Prep Mini Spin Kit (GE Healthcare, NJ) according to the
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Cps2G (2010) . The putative glucosyl-1-phosphate transferase encoded by cps2E transfers the glucose residue to the lipid carrier and then more glycosyltransferases link the additional sugars to form repeat units. The synthesized repeat unit is transported across the cytoplasmic membrane by the action of flippase encoded by cps2O, and each repeat unit is polymerized by Wzy polymerase encoded by cps2I. Mature CP is subsequently translocated to the peptidoglycan by the Wzd/Wze protein complex putatively encoded by cps2B and cps2C. The latest cps gene names reassigned by Okura et al. (2013) were used in this figure. manufacturer's recommendations. The primer sets used in our previous study (Lakkitjaroen et al., 2011) , and LA Taq and Ex Taq polymerases (Takara Bio, Otsu, Japan) were used for the amplification and sequencing of the cps genes of S. suis. The primers listed in Table S1 (Sambrook & Russell, 2001) . Streptococcus suis was transformed by electroporation as described previously (Takamatsu et al., 2001a) .
Construction of cps gene expression vectors and complementation analysis
To construct cps2E, cps2F, and cps2K expression vectors, designated pCps2E, pCps2F, and pCps2K, respectively, the appropriate gene regions were amplified from the genomic DNA of S. suis strains P1/7 (Slater et al., 2003) and/or 89/1591 (Salasia et al., 1995) by PCR with the primers listed in Table S1 , digested by BamHI and EcoRI (for pCps2E and pCps2F) or PstI and EcoRI (for pCps2K), and cloned into the respective sites of pMX1 . To construct the cps2F-cps2K expression vector, designated pCps2F-2K, cps2F, and cps2K were individually amplified by PCR with the primers listed in Table S1 , fused by overlap extension PCR (Warrens et al., 1997) , and subsequently cloned into pMX1 via PstI and EcoRI sites. After being introduced into E. coli strain MC1061 (Casadaban & Cohen, 1980) , the direction and sequences of the cloned genes were verified by PCR and sequencing. The resultant expression vectors were then introduced into unencapsulated S. suis isolates, and the restoration of capsular expression was examined by the coagglutination test and transmission electron microscopy (TEM) as described previously (Gottschalk et al., 1989; Jacques et al., 1990; Han et al., 2001; Lakkitjaroen et al., 2011) .
Construction of double-crossover Dcps2EF, Dcps2IJ, and Dcps2NO mutants
The flanking regions of cps2EF, cps2IJ, and cps2NO were amplified and fused by overlap extension PCR (Warrens et al., 1997) using the primers listed in Table S1 . The resultant PCR products were digested by PstI, EcoRI, and BamHI, respectively, and directly cloned into the respective sites of the temperature-sensitive S. suis-E. coli shuttle vector pSET4s (Takamatsu et al., 2001b) to generate cps2EF, cps2IJ, and cps2NO knockout vectors. After being introduced into E. coli TOP10, the sequences of the knockout vectors were verified, and each knockout vector was subsequently introduced into S. suis strains 89/1591 and/or 89/1591Δcps2EF by electroporation. Single-crossover mutants were obtained by shifting the incubation temperature of the transformants to 37°C in the presence of spectinomycin. The single-crossover mutants obtained were then subcultured several times in THB at 28°C in the absence of antibiotics, and dilutions of the subculture were plated on nonselective THA plates. The colonies that formed after overnight culture were screened for the loss of vector-mediated spectinomycin resistance by inoculating these colonies to both THAspectinomycin and nonselective plates, and spectinomycin-susceptible colonies, which may have lost the target cps genes or returned to the wild type as a result of the double-crossover recombination event, were selected. The deletion of target genes was confirmed by PCR, and if necessary, by sequencing.
Results and discussion
Mutations in cps2EF caused the loss of the capsule in most endocarditis isolates
To elucidate unencapsulation mechanisms, we sequenced the entire cps2 gene clusters (cps2A-2S) of three representatives (NL119, NL257, and NL278) among the 25 unencapsulated isolates, and found that all of them had a mutation in the cps2EF region ( Fig. 2a and Table S2) , whereas the other genes in the clusters were intact. NL257 was transformed with pCps2E, and NL119 and NL278 with pCps2F to investigate whether these mutations impeded capsular production. The coagglutination test using antiserotype 2 serum showed positive reactions in all three transformants, and TEM analysis confirmed the distinct layer of the capsule on the cell surfaces, whereas capsular material was not seen on the surface of the original isolates (Fig. 3) , which affirmed that mutations in the cps2EF region caused capsule loss in these isolates.
The above results together with our previous findings (Lakkitjaroen et al., 2011) implied that mutations affecting capsular production may often occur in the cps2EF region. Therefore, the cps2EF region of the remaining 22 unencapsulated isolates was sequenced and compared with that of S. suis strains P1/7 (accession no.: AM946016) and 89/1591 (accession no.: AAFA03000010).
As shown in Fig. 2a , 20 of the 25 isolates had a frameshift mutation or single-nucleotide substitution in the cps2EF region, with the latter causing nonsense or missense mutations. In addition, NL303 had an 81-bp deletion in cps2F, whereas NL174, NL175, NL322, and NL345 had intact cps2E and cps2F. We performed complementation analyses by introducing pCps2E or pCps2F to all isolates with a missense mutation to verify that these mutations were responsible for the unencapsulation. Because the 81-bp deletion, frameshift, and nonsense mutations generally caused truncation of the gene products, these mutations may have been involved in the loss of the capsule. Thus, two representatives having nonsense mutations (NL100 and NL240) were included in the analysis. In addition, the frameshift mutations by deletion that occurred in NL208, NL219, and NL342 were found at the site of the termination codon of cps2E, which resulted in the extension of Cps2E; therefore, these three isolates were also included in the analysis.
Although no transformant could be obtained from NL208, most of the transformants tested showed positive coagglutination reactions after the introduction of pCps2E or pCps2F (Fig. 2a) , which indicated that mutations in the cps2EF region caused capsule loss in the isolates. However, the cause of unencapsulation in NL132 and NL143 as well as four isolates (NL174, NL175, NL322, and NL345) with intact cps2E and cps2F remained unclear. Therefore, the entire cps regions (cps2A-2S) of the six isolates were sequenced. As shown in Fig. 2b , putative inactivating mutations were found in the six isolates. In particular, after the introduction of the pCps2F-2K expression vector in NL143, the transformant was positive in the coagglutination test with antiserotype 2 serum, which suggested that mutations in both cps2F and cps2K were involved in the loss of the capsule. Although NL143 transformed with pCps2F only showed very poor growth, the isolate transformed with pCps2K only was able to grow to a similar extent as that of the parent isolate.
These results together with our previous study (Lakkitjaroen et al., 2011) indicate that all 43 unencapsulated isolates examined so far lost their capsules because of mutations in one or more of the genes in the cps gene cluster, and at least 32 (74.4%) isolates had a mutation in the cps2EF region (Table 2) .
Lethal regions for mutations in the cps gene cluster and the alleviation effect by the cps2EF mutation In contrast to cps2EF, a mutation was rarely found in the cps2IJ or cps2NO region. Although a missense mutation was detected in the cps2N of NL345, this isolate also had a 23-bp deletion in cps2H (Fig. 2b) . This result implied that mutations in the cps2IJ and cps2NO regions may fatally affect the viability of S. suis, and the deleterious effects from these mutations may be relieved by additional mutation(s) in other cps gene(s), such as cps2EF, which result in the capsule loss. To verify this hypothesis, we introduced cps2IJ and cps2NO knockout vectors to the 89/1591 strain to generate single-crossover mutants, in which knockout vectors were integrated into the chromosome (Fig. S1) , and investigated whether double-crossover Δcps2IJ and Δcps2NO mutants could be obtained from single-crossover mutants. In addition, strain 89/1591Δcps2EF, which had lost its capsule due to the deletion of cps2EF, was also used as a parent strain. Two types of single-crossover mutants were generated in this experiment (Fig. S1) . However, only one type of single-crossover mutant was obtained from strain 89/1591 when the cps2IJ knockout vector was used. Therefore, only one type of the mutant was used to construct the Δcps2IJ mutant.
The numbers of Δcps2IJ and Δcps2NO mutants obtained from strains 89/1591 and 89/1591Δcps2EF are 
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*Other cps genes were also deleted in four of the six isolates (NL204, NL217, NL290, and NL319) (Table S2 ). † A missense mutation in cps2R (neuD) and insertion in cps2K were also present in one of the five isolates (NL143) ( Table S2 ). ‡ Although one of the three isolates (NL132) had a missense mutation in cps2E (Table S2) , the mutation was not involved in the loss of the capsule (Fig. 2a) . Table 3 . Although 2556 and 16 doublecrossover recombinants were obtained from strain 89/ 1591 transformed with cps2IJ and cps2NO knockout vectors, respectively, all the recombinants tested reverted to the parent genotype via double-crossover recombination, and neither the Δcps2IJ nor Δcps2NO mutant was obtained. However, when 89/1591Δcps2EF was used as the parent strain, 31.8% and 62.5% of double-crossover recombinants became Δcps2IJ and Δcps2NO mutants, respectively, which supported the above speculation, that is, the lethal effects of the cps2IJ and cps2NO mutations and alleviation effect by additional mutation(s) that cause the loss of the capsule. On the basis of serotype-specific capsule synthesis in Streptococcus pneumoniae (Bentley et al., 2006) , S. suis CPs are considered to be synthesized via the Wzx/Wzydependent pathway (Okura et al., 2013) . In this pathway, as illustrated in Fig. 1 , the initial glycosyltransferase catalyzes the transfer of the first sugar to a membrane-associated lipid carrier, and more glycosyltransferases then sequentially link additional sugars to form repeat units on the inner face of the cytoplasmic membrane. Wzx flippase subsequently transports the single repeat unit across the cytoplasmic membrane, and Wzy polymerase polymerizes the individual repeat units to generate lipidlinked CPs. Mature CP is then translocated to the peptidoglycan by the membrane protein complex encoded in the cps cluster (Bentley et al., 2006) . Undecaprenyl-phosphate (Und-P) is utilized as a lipid carrier in S. pneumoniae. After transferring the repeat unit or polymer of CPs to the final acceptor, Und-P is reversibly transported into the cytoplasmic membrane for recycling.
Mutations in the cps genes involved in side-chain formation, polymerase, and flippase were previously shown to be lethal in S. pneumoniae serotype 2 (Xayarath & Yother, 2007) . In addition to the synthesis of CP, Und-P has been used for the synthesis of peptidoglycans and teichoic acids in gram-positive bacteria (Yother, 2011) . Thus, the lethality of these mutations is suggested to result from the sequestration of Und-P in the incomplete capsule synthesis pathway, reduction of available Und-P, and impairment of Und-P utilization in other crucial pathways (Xayarath & Yother, 2007; Yother, 2011) . Moreover, the lethality of these mutations may also be due to the accumulation of lipid-linked intermediates or single repeat units on the cytoplasmic membrane, resulting in destabilization of the membrane (Xayarath & Yother, 2007; Yother, 2011) . Based on these findings, the most likely explanation is that mutations in cps2J and cps2N (side chain formation), cps2I (polymerase), and cps2O (flippase) genes also had a deleterious effect on the viability of S. suis.
The deletions of genes involved in side-chain formation, polymerase, and flippase could occur in the presence of additional mutations in S. pneumoniae, which were mostly located in the initial glycosyltransferase gene (Xayarath & Yother, 2007) . Similar to this finding, Δcps2IJ and Δcps2NO mutants could be obtained by double-crossover recombination in the absence of the cps2EF region (Table 3) , which indicated that mutations in the cps2EF region relieved the stress induced by lethal mutations in the cps2IJ and cps2NO regions. CP biosynthesis is not supposed to commence in the Δcps2EF mutant due to lack of the initial glycosyltransferase (Cps2E); therefore, even if the strain has mutations in the cps2IJ and cps2NO regions, free Und-P may be abundantly present on the cytoplasmic membrane; thus, other crucial pathways may proceed smoothly.
The poor growth of NL143 transformed with pCps2F implied the deleterious effect of the mutation in cps2K. As illustrated in Fig. 1, cps2K was putatively involved in the side-chain formation of CPs, which implied that the mutation in cps2K may also be harmful to S. suis and also that the mutation in cps2F was generated to relieve the detrimental effect from the cps2K mutation.
Because no transformant appeared from NL208, we speculated that this failure occurred due to lethal cps mutations, that is, NL208 possesses mutations somewhere in the cps2IJ and cps2NO regions in addition to the cps2E mutation, and the lethal effect of the mutations appeared after supplying functional cps2E. However, genes in the cps2IJ and cps2NO regions were shown to be intact in NL208 (data not shown); therefore, this difficulty may be due to other factors, such as the restriction-modification system and clustered regularly interspaced short palindromic repeats, which may influence the transformation efficiency. *Double-crossover recombinants were obtained by screening 3000 colonies derived from a pattern 2 single-crossover mutant (Fig. S1 ). †
Of the 2556 double-crossover recombinants obtained, 300 colonies were representatively examined by PCR. ‡ Double-crossover recombinants were obtained by screening 2000 colonies from pattern 1 and 2000 colonies from pattern 2 singlecrossover mutants (Fig. S1 ).
Conclusions
We here elucidated the causes of capsule loss in all endocarditis isolates examined and showed that small-scale mutations as well as large insertions and deletions caused unencapsulation. However, such mutations were unevenly found in the cps gene clusters, and the inactivation of two glycosyltransferases (Cps2E and Cps2F) often caused capsule loss in endocarditis isolates. On the other hand, mutations in the genes involved in side-chain formation, polymerase, and flippase were suggested to have a deleterious effect; mutations in the cps gene cluster may result in either the loss of the capsule or death, depending on the position of the mutations. Because the loss of the capsule makes bacterial cells susceptible to phagocytosis, individual cells will take a risk by mutating cps genes. However, unencapsulation may contribute to the infection by enhancing the ability of bacterial cells to adhere to host cells and form thick biofilms (Benga et al., 2004; Bonifait et al., 2010; Tanabe et al., 2010; Lakkitjaroen et al., 2011) . Moreover, the death of individual cells may even be beneficial for the remaining population by providing public goods for the survivors (Aizenman et al., 1996; Hirst et al., 2004; Rice et al., 2007) . Therefore, the various effects resulting from natural mutations in the different positions may generate diversification in the S. suis population, and such diversification may be beneficial to the population in the course of infection. Further analysis incorporating the findings of this study will provide additional insights into the biological significance of cps mutations. Furthermore, the lethal effects of some cps genes indicated in this study may highlight alternative targets for the development of novel therapeutic or preventive strategies for S. suis infections.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Fig. S1 . Patterns of single-crossover and double-crossover recombination possibly occurred in the course of construction of the Dcps2IJ and Dcps2NO mutants. Table S1 . Primers used to construct the cps gene expression and knockout vectors. Table S2 . Mutations found in 43 unencapsulated isolates analyzed in this and previous studies.
